Phenomenological modeling of long range noncontact friction in micro-and nanoresonators J. Appl. Phys. 110, 064512 (2011) An insulating liquid environment for reducing adhesion in a microelectromechanical system Appl. Phys. Lett. 99, 113516 (2011) A robotics platform for automated batch fabrication of high density, microfluidics-based DNA microarrays, with applications to single cell, multiplex assays of secreted proteins Rev. Sci. Instrum. 82, 094301 (2011) Optimizing mixing in lid-driven flow designs through predictions from Eulerian indicators Phys. Fluids 23, 082005 (2011) Additional information on J. Appl. Phys. The influence of femtosecond laser pulse shaping on silicon wafer micromachining is explored. Surface second harmonic generation provides in situ pulse characterization of the laser pulses, and plasma and atomic emissions were identified as valuable indicators of the micromachining process. The ablation threshold was found to decrease as the bandwidth of the pulses increases, as well as for shorter pulses. Dependence of atomic and plasma emissions on temporal shape of the pulses confirmed that emission preceded ablation and has a threshold as well. The morphology of micromachined holes was observed to be dependent upon pulse duration.
I. INTRODUCTION
There are a number of studies on the morphology of laser-ablated holes in both reactive and inert atmospheres. [1] [2] [3] [4] [5] Studies have been carried out using nanosecond, picosecond, and femtosecond pulses. The heat affected zone formed by nanosecond micromachining is considered to be a drawback because it causes a number of defects including spatter, remelted layers, or microcracking. 6, 7 Femtosecond lasers produce negligible or no heating 4 and their use for micromachining is growing in popularity. 8, 9 Our research group has made progress in controlling physicochemical processes using shaped femtosecond laser pulses 10, 11 and we have explored the effect of pulse shaping and bandwidth during the ablation of metallic substrates. 12 In this report, we explore the effect of pulse shaping on silicon wafer micromachining by systematically changing the bandwidth or spectral phase of the pulse. For diagnostic purposes, we use laser induced breakdown spectroscopy ͑LIBS͒, plasma emission ͑PE͒, and surface second harmonic generation ͑SSHG͒. The morphology of the resulting hole is evaluated by electron microscopy.
The physical mechanism for the laser ablation of metals and semiconductors with short laser pulses has been studied in detail over the recent decades. Imaging of the melting and evaporation of silicon surfaces with femtosecond laser pulses was reported by Shank and co-workers, [13] [14] [15] who carried out optically induced reflectivity measurements using a pumpprobe scheme with 90 fs pulses centered at 620 nm. Immediately following excitation with femtosecond laser pulses, reflectivity is dominated by an electron-hole ͑e-h͒ plasma. 16 With increasing intensity, the e-h plasma becomes dense enough that energy is transferred into the crystal lattice, causing melting. The molten silicon phase ejects from the melted surface as nanodroplets, which atomize in several hundred picoseconds. The apparent melting threshold was indicated to be 0.1 J / cm 2 at 620 nm. 13, 14 A recent study done by von der Linde and Sokolowski-Tinten, 17 with energies below the plasma formation, described the ablation as a thermal process taking longer than the thermalization of absorbed energy. Although this ablation threshold ͑0.3 J / cm 2 at 620 nm, 120 fs͒ is higher than the ablation threshold recorded by Shank et al.
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.1 J / cm 2 ͒, it involves the coexistence of gas, solid and a pressurized fluid state. We explored the effect of temporal shape and the bandwidth of ultrashort laser pulses on surface SHG generation, atomic ͑LIBS͒, and PE and on spatial characteristics of resulting micromachining. We hope that with a better understanding of the femtosecond laser ablation process these results will lead to more efficient and reproducible silicon micromachining.
II. EXPERIMENTAL
Experiments were performed using a regeneratively amplified Ti:sapphire laser system ͑Spectra Physics͒. A 128 pixel pulse shaper, located between the oscillator and amplifier, was used to correct phase distortions resulting in transform limited ͑TL͒ pulses centered at 800 nm ͑35 fs, 750 J / pulse at 1 kHz͒ at the sample. Our pulse shaping system is a precursor to the femtoFit ͑BioPhotonic Solutions, Inc.͒ with multiphoton intrapulse interference phase scan ͑MIIPS͒. [18] [19] [20] [21] [22] MIIPS measures the spectral phase of femtosecond laser pulses and eliminates phase distortions in order to deliver well-controlled and characterized pulses at the focal plane of the microscope objective. The pulse shaper was used to introduce the different phases for evaluation purposes. A full description of the MIIPS procedure is beyond the scope of this article. Briefly, MIIPS is unlike other pulse characterization methods because it does not require interferometry or autocorrelation. Instead, it uses the dependence of nonlinear optical processes such as the spectrum of the second harmonic on a set of calibrated spectral phases in order to characterize the pulses. [18] [19] [20] [21] [22] [23] The laser beam was focused by either a 40ϫ objective with 0.6 numerical aperture ͑Plan Fluor ELWD, Nikon͒, or a 15ϫ all-reflective objective with 0.28 numerical aperture ͑15ϫ REFLX, Edmund Optics͒, or a 100 mm focal length lens. The focal plane was determined by scanning the distance between the sample and the objective. The sample was mounted at normal laser incidence on a motorized X-Y translational stage that was scanned in order to introduce fresh sample per every laser shot. Before the objective, a 100 m pinhole was placed within a two lens Keplerian telescope to spatially clean the beam before reaching the objective.
In situ monitoring of the ablation process was achieved by confocal detection of the light at 90°emitted during ablation of the Si ͑100͒ wafer surface ͑see Fig. 1 , inset͒. The spectrum of this emission was detected by a thermoelectrically cooled high-sensitivity miniature spectrometer ͑QE 65000, Ocean Optics͒ and decomposed into SSHG, LIBS, and PE, as shown in Fig. 1 . The laser power dependence of atomic emission lines was measured for TL pulses using a monochromator to isolate the appropriate spectral region and a photomultiplier tube. The signal was averaged using a boxcar integrator.
III. RESULTS
The laser power dependence of the silicon ablation process was measured by monitoring the intensity of the LIBS atomic emission of the strongest line ͑390.552 nm͒. The threshold values obtained are low compared with metal LIBS threshold values. 12 The threshold for Si was 0.35 J / cm 2 when ϳ35 fs TL pulses are used with spectral bandwidth of 27 nm and this value is comparable to the values obtained by von der Linde and Sokolowski-Tinten 17 ͑0.3 J / cm 2 ͒. This value is lower than the LIBS threshold for Cu ͑0.5 J / cm 2 ͒ and Al ͑0.6 J / cm 2 ͒ measured by our group. 12 We measured the focal depth by translating the objective normal to the sample plane. This experiment showed that photoemission is strongly dependent on the location of the focus, as shown in Fig. 2 . The PE ͓solid squares in Fig. 2͑b͔͒ forms first and at or below threshold notice that plasma signal dominates. For low laser intensity ͓0.4 J / cm 2 , solid squares in Fig. 2͑a͔͒ very low emission is observed when the sample plane is exactly at the focus. This is because the illuminated area is the smallest. As the power intensity increases ͓0.8 J / cm 2 , open circles and 8.0 J / cm 2 solid triangles in Fig. 2͑b͔͒ the LIBS signal increases considerably. The LIBS and SSHG signals show a very similar focal spot dependence. At higher laser intensities ͓8.0 J / cm 2 , solid triangles in Fig. 2͑b͔͒ the PE, LIBS, and SSHG signals are maximized when the focal region is approximately 10 m inside the sample. Note that at the higher laser intensities, one no longer observes a minimum at the focal point.
The linear chirp dependence on the Si LIBS emission was measured to find out if the effect on semiconductor substrate is similar to the effect on metallic samples. 12 The phase function for quadratic chirp is written as ͑͒ =1/ 2Љ͑ − 0 ͒ 2 . Linear chirp ͑Љ͒ from Ϫ10 000 to 10 000 fs 2 were implemented precisely using the pulse shaper with 2.0 J / cm 2 per pulse and are shown in Fig. 3 . By   FIG. 1 . ͑Color online͒ Emission spectrum recorded during Si wafer micromachining. The data was recorded with 4.0 J / cm 2 femtosecond laser pulses. The overall emission spectrum can be decomposed into a sharp LIBS signal from atomic Si at 390.55 nm and a broader feature corresponding to the SSHG centered at 400 nm. The rest of the broad emission corresponds to a broadband PE. The inset shows the experimental setup used for this experiment. The sample was mounted on a motorized XY translational stage, L1, L2, and L3 are 300, 600, and 50 mm lenses, respectively, BS is a dichroic beamsplitter which transmits 800 nm and reflects from 300 to 650 nm. 
isolating the atomic emission lines from the total photoemission with a set of Gaussian functions we found that chirp could enhance or suppress LIBS signal. A much greater range of linear chirp was achieved by moving the grating position in the compressor of the laser amplifier. The overall range in this case was Ϫ50 000 to 100 000 fs 2 . The results of these measurements ͑given in the inset of Fig. 3͒ show that for pulses with a very large chirp ͑when the pulses were stretched to approximately 10 ps͒ the LIBS signal increases by 55% compared with the signal obtained for TL pulses. The observed results are asymmetric for low chirp values, similar to those found for metal LIBS. 12 By comparison, the SHG signal decreases by a factor of 200 when the pulses have a 100 000 fs 2 chirp. For long pulses, when chirp Ͼ10 000 fs 2 and corresponding duration Ͼ1 ps, LIBS emission depends only on pulse duration and is therefore symmetric with respect to the chirp value. For shorter pulses, when chirp Ͻ10 000 fs 2 and pulse duration is Ͻ1 ps, the dependence of chirp is asymmetric, and the shape of the pulse can make a 10%-20% difference on the LIBS signal.
The dependence of the LIBS signal on a sinusoidal phase modulation was also measured. These experiments were inspired by MII theory. 21 The ability of sine phase modulation to control multiphoton processes on molecules, proteins, and nonlinear crystals [24] [25] [26] [27] is well documented.
Here, we are trying to find the link between multiphoton processes that are involved in the laser matter interaction and ablation of atoms from the sample surface to give a LIBS signal. The measurements were carried out by introducing phase functions in the frequency ͑͒ domain defined by = ␣ sin͓␥͑ − 0 ͒ − ␦͔, where ␥ is the bandwidth of the pulse ͑35 fs͒ and ␦ determines the position of the mask with respect to the spectrum of the pulse. The resulting LIBS signal is plotted as a function of ␦ in Fig. 4 ͑solid squares͒ along with SHG signal generated using a nonlinear crystal for comparison ͑open squares͒. This experiment was performed with pulse energies of 2.0 J / cm 2 , and by deconvoluting atomic emission lines with Gaussian fitting, the changes observed in the LIBS emission were modest ͑ϳ10%͒. One important observation is that the signal is not symmetric and does not track the generation of SSHG in the sample ͑see Fig. 4͒ . This contrasts with the results obtained for metals when the signal was symmetric around ␦ = / 2 with time ordering of the pulses.
SSHG was first reported by Terhune et al. 28 in calcite. A theoretical discussion of this phenomenon was reported soon after by several research groups as a quadrupolar type of interaction 29, 30 including the involvement of free electrons. 31 SSHG from silicon and germanium was first reported by Bloembergen and Chang 32 in 1966 with a subsequent report on an experimental method to detect SSHG. 33 Shank et al. 13 has shown that SSHG has two main sources, anisotropic and isotropic with respect to polarization. No effort was made here to measure the polarization dependence of the photoemission.
As mentioned in Sec. II, our group developed a method called MIIPS 21 for accurately characterizing the spectral phase of the femtosecond laser by introducing a wellcalibrated reference phase function and measuring changes in the SHG spectrum. We have found that SSHG similarly tracks the changes, as shown in Fig. 5 . This is a valuable observation as it allows us to determine the spectral phase of the pulse after passing through a high numerical aperture objective interacting with the sample in situ on the surface of ablation. 23 The SSHG signal magnitude is comparable to Si-LIBS and PE. When a sinusoidal modulation is introduced, the same second harmonic modulation was observed as in a nonlinear crystal. This phenomenon is common in all the phase functions that were tested, but is more prominent in sinusoidal modulation, and duplicates the MIIPS trace for TL pulses. The MIIPS trace for a nonlinear crystal is given in Fig. 5͑a͒ and LIBS spectra are given in Fig. 5͑b͒ . They are plotted as three-dimensional ͑3D͒ maps with the scanning parameter ␦ on the X-axis and wavelength on the Y-axis, with intensity being color-coded ͑red-high intensity and black/blue-low intensity͒.
For the MIIPS measurements, we use the function f͑͒ 
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one can find the condition ␦ max ͑͒ when the maximum SHG signal is obtained ͓see Fig. 5͑a͔͒ , note that each of the four features is separated by for TL pulses. The position and shape of the MIIPS features can be used for in situ characterization and compensation of the spectral phase of the pulse that interacts with silicon substrate. 19 The effect of pulse shaping on the morphology of drilled holes was investigated using two different phase shapes as a proof of principle experiment. In this particular experiment, TL ͑35 fs͒ pulses and highly chirped ͑−60 000 fs 2 , equivalent to 1 ps͒ pulses were used with a 40x objective. The SEM images are shown in Fig. 6 . It is clear that TL pulses give clean features compared with highly chirped pulses, where melting can clearly be seen. These images imply that the greater LIBS signal observed for large chirp values results from increased melting which then leads to evaporation.
IV. DISCUSSION
Results from our study confirm that the threshold for obtaining a LIBS signal from silicon using TL pulses is around 0.35 J / cm 2 ͑Fig. 7͒, and this value is smaller than the thresholds recorded for metallic samples; 0.5 and 0.6 J / cm 2 for Cu and Al, respectively. 12 The higher threshold for metals compared with silicon could be rationalized by the idea that thresholds are higher in materials in which the deposited energy is rapidly carried away from the surface and redistributed over a large area. 17 Alternatively, silicon absorbs light at the laser wavelength used here while the metals do not.
The effect of sinusoidal phase modulation on the LIBS signal was found to be different from the dependence of SSHG. For SSHG intensity a maximum is reached every time for = sin͓35 fs͑ − 0͒ − n͔; however the LIBS signal reaches a minimum when n is even, and a maximum when n is odd. This difference can be explained by understanding the temporal progression of the pulse shown in Fig.  8 . Notice that for ͑a͒ = sin͓35 fs͑ − 0͒ − ͔, the pulse starts with a fast-rising intense laser pulse that exceeds the ablation threshold; the subsequent subpulses continue to provide energy for the ablation process. In contrast, for ͑b͒ = sin͓35 fs͑ − 0͔͒, the pulse starts with low energy subpulses that are below threshold, and their energy is wasted. The LIBS signal dependence on the sinusoidal phase modulations shows a distinctive dependence contrast to metallic samples. 12 When we tested linear chirp from Ϫ10 000 to 10 000 fs 2 , TL pulses were found to yield slightly higher LIBS signal. Interestingly, larger chirp values resulted in even greater LIBS signal. When the pulse duration reached ϳ8 ps, the signal amplitude had increased by about 55%. It is important to note that the interaction of femtosecond pulses with Si substrate involves a melted surface layer. 16 When pulses facilitate surface melting, for example longer laser pulses that result from large chirp values, the LIBS signal increases compared with TL pulses.
The strong dependence of PE on focal spot distance can be very useful for micromachining. The PE can be observed in near-and above-threshold conditions, and can be very useful in creating submicron features on Si-wafers as photoemission is minimal at the focal point when the laser fluence is close to the ablation threshold. LIBS and SSHG signals appear slightly above the threshold fluence for PE, with a minima at the focal point.
SSHG has been observed from silicon surfaces before, but to our knowledge, this phenomenon has never been used to aid in micromachining. The signal amplitude is comparable to LIBS signal and can be observed above threshold fluences. SSHG may have much wider implications as the phenomenon can be utilized for the compensation of femtosecond laser pulses at samples where a nonlinear crystal can- not be used to determine the spectral phase of the pulse in situ. Further, SSHG can be used to monitor the spectral phase of the femtosecond laser pulse interacting with the sample.
Surface modifications on drilled surfaces with either single or multiple pulses have been a concern for precision micromachining and include features such as irregular columns and ripples. These surface modifications occur when molten silicon forms, a process that requires absorption of the laser pulse and thermalization. This process can last up to a few nanoseconds depending on the laser fluence. 17 The use of a two pulse sequence was introduced as a way to avoid deformation, mainly ripples, due to the fluid dynamics of molten silicon on the ablated area. The two pulses were separated by a few picoseconds either using a pump-probe scheme 34 or using pulse shaping techniques.
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V. CONCLUSIONS
We explored laser pulse characteristics for reproducibility and improved silicon micromachining. Three different emissions were used for monitoring the laser pulse interaction, surface SHG, atomic emission, and PE. As the bandwidth of the laser pulse increases, the threshold for atomic emission decreases. This effect is even more pronounced than that observed for metallic samples. This conclusion is based upon the fact that when we stretched 35 fs laser pulses up to 8ps the atomic emission increased by 55%. The sinusoidal phase modulation shows sharp deviation from metallic samples in which the LIBS signal is symmetric around TL pulses. For silicon, the atomic emission signal was found to depend on the sign of the sinusoidal phase modulation because the ablation of silicon has to first reach a threshold value which is probably associated with ionization.
The PE as a function of distance from the focal spot was found to be a valuable parameter to determine the focal plane, this dependence should be useful for machining nanometer sized features at the focus with near threshold energies. Surface second harmonic generation was found to require higher fluences. Low energy TL pulses minimize the melting to produce clean features, as confirmed by electron microscope images from single laser shots. For shorter pulses ͑Ͻ1 ps͒ temporal shaping can be used to optimize the ablation process.
